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Abstract: Alzheimer's disease (AD) is a common chronic and destructive disease. The early 
diagnosis of AD is difficult, thus the need for clinically applicable biomarkers development 
is growing rapidly. There are many methods to biomarker discovery and identification. In 
this review, we aim to summarize Mass spectrometry (MS)-based proteomics studies on AD 
and discuss thoroughly the methods to identify candidate biomarkers in cerebrospinal fluid 
(CSF) and blood. This review will also discuss the potential research areas on biomarkers. 
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1. Introduction 

A biomarker is a substance used as a measurable indicator of a particular biological stage, such as 
normal biological process and pathogenic process. Specifically, it is one that reveals risk characteristics, 
the disease's presence and state [1-5]. Biomarkers can be employed in clinics to predict, diagnose, and 
monitor the disease by examining changes in the level of proteins in disease groups and normal groups. 
These biomarkers are broadly divided into three groups: physical measurements or pheno types such as 
brain imaging, extracellular beta-amyloid (A[3) plaque deposition [6,7]; DNA-based biomarkers [5,8]; 
and protein biomarkers [9-12]. Proteomics has undoubtedly garnered more attention recently, greatly 
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attributed to the fact that proteins are abundant in body fluids and are more stable than DNA and 
metabolites. A unique biomarker for a particular disease should accurately reflect the progression of that 
disease therefore providing a better prognosis for early diagnosis. Hundreds of millions of dollars have 
been spent each year for the past several years on research to discover protein biomarkers of many 
human diseases. In the year 2013 alone, there were over 17,000 publications related to the keyword 
"biomarker" in Web of Science. Even with this level of investment and research effort, the US Food and 
Drug Administration (FDA) approves no more than 2 new biomarkers for plasma per year [13,14]. This 
very low research to market rate is a very significant challenge [15]. 

Alzheimer's disease slowly and pathologically develops from preclinical phase or an early phase 
into a fully expressed clinical syndrome, hence there is a serious need for biomarkers that reflect core 
elements of Alzheimer's disease (AD) for the purposes of early diagnosis. The primary biomarkers 
currently employed for AD diagnosis are measurements of A|3 and tau [16-18]. 

There are generally three different stages in the development of new biomarkers (Figure 1): 
The discovery phase, the verification phase, and the validation phase [2,13,19]. First, proteomics 
technologies are applied to blood (plasma or serum) or cerebral spinal fluid (CSF) to identify more than 
a million biomarker candidates. Second, biomarker candidates are quantified in a limited number 
(10-100 thousands) of clinical samples to confirm differential expression in blood\CSF from cases vs. 
controls. Finally, beyond verification phase, clinical validation requires large-scale cases to existing 
clinical tests [2]. The development of proteomics has been driven by the growth of new technologies for 
peptides/protein fractionation, mass spectrometry instruments, labeling reagents, and bioinformatic 
tools. A critical goal of mass spectrometry-based (MS-based) proteomics is to identify and quantify 
proteins from biological samples. Recent advances in MS-based proteomics provide indispensable 
tools in the clinic. This review will provide an overview of biomarkers for AD. It will focus on 
discovery technologies by using examples of biomarker discovery with MS-based proteomics 
technologies, and discuss potential ways to identify additional biomarkers. 

Figure 1. Categorization of the biomarker development. LC-MS/MS, liquid chromatography 
tandem mass spectrometry. MRM-LC-MS/MS: multiple reaction monitoring-liquid 
chromatography tandem mass spectrometry. MRM-MS: multiple reaction 
monitoring-mass spectrometry. 
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2. Sources of Biomarkers 

Proteomics on human samples has mainly focused on available biological fluids such as blood 
(plasma or serum), CSF, urine, and saliva. For biomarkers applications, a single biomarker is probably 
insufficient for the accurate representation of a disease. Therefore, multiple biomarker profiles need 
to be identified in different types of, DNA, RNA, microRNA (miRNA), and protein, including 
modifications from DNA, gene, and post-translational modification (PTM) proteins. 

2.1. DNA-Based Biomarkers 

DNA methylation studies have shown strong potential for biomarker identification [20-22]. RNA 
can be obtained from cells and it is also present in exosomes in plasma. The complexity of RNA has only 
recently begun to be realized [23,24]. miRNA, key players of post-transcriptional gene regulation, are 
approximately 20 nucleotides long non-coding RNA. An estimated 70% of miRNAs are expressed in 
the brain [25]. They can be detected using methods such as real-time polymerase chain reaction 
(RT-PCR), and microarrays through deep sequencing technologies. 

One study [26] describing a search for miRNA abundance in the hippocampal region of AD patients' 
brain, show upregulation of miR-9, -125b, and -128 compared to age-matched controls. Furthermore, 
miR-34a [27], -145b, and -155 [28,29] are significantly higher in abundance compared to age-matched 
controls in CSF and extracellular fluid (ECF). 

MiR-107 was shown to be downregulated in AD [30]. The levels of these miRNAs were also reduced 
in AD patients, and include miR-137, -181c, -9, -29a, -29b [31], and -146a [25]. 

There is evidence showing that the changes at miRNA levels are associated with some parts of AD 
pathology, such as in the case of miR-16 which could potentially inhibit expression of amyloid 
precursor protein (APP) in age-related senescence-accelerated mouse prone 8 (SAMP8) mice [32]. 
Several differently expressed miRNA in AD were identified, but these results have not yet been 
confirmed [25,33-35]. There is still progress to be made in continually monitoring the changes in the 
level of individual miRNA as biomarkers for AD [31,36-38]. 

2.2. Blood-Based Biomarkers 

The blood proteome is one of the most complex components of the human proteome [7,39]. With 
about 60-80 g/L protein content in blood plasma, the concentration of protein is extraordinarily higher 
than 0.15-0.45 g/L in CSF [40]. As a source of biomarkers, several blood biomarkers candidates have 
been proposed [9,1 1,41]. Blood is in contact with all cells of the organism, and (1) it is easily accessible 
and represents a non-invasive liquid biopsy; (2) it provides a cost and time efficient way to clinical 
trials. Blood can be separated into different components: plasma and serum. Serum is similar to plasma 
in composition but without the clotting factor [42]. 

As we are aware, A[3 is a widely researched plasma biomarker for AD. However, it is unclear the 
extent to which blood A[3 levels accurately reflect the presence or state of AD. Koyama [43] searched 
prospective studies published between 1995 and 2011 regarding A(3 4 o, A(3 42 , and AfL^A^o. The 
literature showed lower Af^iA^o ratios were mainly associated with AD and dementia. 
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There are several biomarkers identified in blood in last decades, such as Apolipoprotein E (ApoE) 
localized on chromosome 19. The report from Gupta [44] showed that the levels of plasma ApoE in 
AD revealed an obvious relationship between ApoE levels and AD. Apo A-IV as an up-regulated 
protein was identified in serum samples of AD [45]. Interleukins (IL-la, IL-6) is one of the strongest 
evidence of inflammatory agents that increase the risk of AD [46]. Clusterin (CLU) is a lipoprotein 
found to be part of amyloid plaques. Two studies have identified variants in CLU is associated with the 
risks of AD [47,48]. a- 1-antichymo trypsin (a-ACT) participates in the inflammatory cascade of AD 
and enhances the formation of amyloid fibrils. Several reports showed increased concentrations of 
a-ACT in serum of AD patients [49-51]. Activity-dependent neuroprotective protein (ADNP) is 
expressed primarily in the cerebellum, hippocampus, and cerebral cortex in human brain [52,53]. 
However, when Yang [45] tested serum samples from 45 early-stage AD patients; their results showed 
ADNP was down-regulated. 

The likelihood of blood samples having more influence on biomarker discovery is high, despite 
being a relatively, disadvantaged source, peripheral blood is a complex tissue containing too many 
proteins, making it non-specific. 

2.3. CSF -Based Biomarkers 

As an alternative to blood, other biofluids such as urine and cerebrospinal fluid (CSF) can be used in 
biomarker discovery [54-56]. The CSF, being most proximal to the Central Nervous System (CNS), 
(1) directly interacts with the space of the brain and reflects biochemical changes that occur in the 
brain; (2) CSF collection is a highly invasive procedure that may cause patient discomfort and 
immediate side effects [57]. Normally, CSF contains components from both the blood and the 
CNS [58,59], which also plays an ideal role for identifying biomarkers for AD. 

CSF biomarkers are used more commonly for diagnosing AD in the clinic. According to Blennow [9], 
CSF biomarkers for AD can be divided into two groups: the basic one and the core one. 

Albumin is a basic group protein. Test results show that albumin can be produced by the liver [60] 
and it makes up more than 50% of the protein content in blood. Due to fact that most of the albumin 
present in CSF is blood-derived, the ratio of CSF to serum albumin concentrations is a biomarker for 
blood-brain barrier (BBB) function. An increase in this ratio indicates BBB damage, which is normal 
in AD patients, unless the patient has concomitant cerebrovascular disease [61]. 

2_|_ 

Secretory Ca -dependent phospholipases A2 (sPLA2) is another BBB factor. Chalbot [62,63] 
demonstrated that in AD patients, the sPLA2 level is elevated compared to the control group, making it 
a good biomarker for BBB function. 

Visinin-like l(VLP-l) is expressed in neurons. The levels of VLP-1 are increased in CSF after stroke 
in rats and the same regulation was present in serum after stroke in humans [64,65]. 

Microtubule-associated protein tau (TAU) was first reported in 1975 [66]. One study showed that 
almost all samples have shown an increase in T-tau in AD patients by approximately 300% with a 
sensitivity and specificity of 80%-90% [67]. High T-tau level in CSF has also been associated with fast 
progression from mild cognitive impairment (MCI) to AD [68], and with rapid cognitive decline and a 
high mortality rate in patients with AD [69,70]. High CSF phosphorylated-tau (P-tau) has the same 
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correlations; there is a strong relationship between MCI and AD [68], and with rapid cognitive decline 
in AD [69]. 

Neurofilament proteins (NF) are specifically found in neurons [71], an uptrend level of NF in CSF 
reflects axonal damage. High levels of the neurofilament heavy chain isoform NFHSM135 have been 
found in AD [72]. 

Fatty acid binding protein 3 (FABP3) are a family of small intracellular proteins that facilitate 
the transport of fatty acids. Lower levels of FABP3 have been detected in brains from AD [73]. 
Chromogranin A (CHGA) was also shown to be present in neurons. Lower levels of CHGA [74] and 
unchanged levels of CHGA and CHGB have been found in the CSF of AD patients [75]. Neurogranin 
(NRGN) was first isolated from bovine brain. Reduced protein levels of NRGN have been observed in 
post mortem brains from patients with AD [76,77]. SI 00 calcium-binding protein beta (S-100B) is 
composed of two P subunits. CSF levels of S-100B are elevated in patients with AD [78-80]. Glial 
fibrillary acidic protein (GFAP) is the main astrocytic intermediate filament protein. CSF levels of 
GFAP are also increased in AD [80]. 

Several studies have investigated the various analytes in AD related to A[3, such as P-site APP 
cleaving enzyme 1 (BACE1), sAPPa/sAPPp, or A[3 oligomers for their possibility as biomarkers. 
Recently, a large amount of information regarding BACE1 in blood or CSF has been available [81-83], 
except quantitative analysis by MS-based proteomics. Despite the fact that previous studies strongly 
support BACE1 as a potential biomarker for AD, quantitative information is required to be part of the 
analysis and evidence support. 

3. Technologies for Proteomic Analysis 

In recent years, proteomics has emerged as a viable approach used not only to identify novel 
diagnostic and therapeutic biomarkers, but also to research clinical diagnostics and drug development 
for AD [84]. Due to the complexity of biological systems and proteins, proteomics strategy and 
methods are tested to be more effective and a better fit for the goal of protein identification and 
quantification (Figure 2). Such a coordinated method typically includes several components: sample 
preparation, primary separation, protein or peptide identification and bioinformatic data analysis. 

3.1. Biomarkers Discovery 

3.1.1. Two-Dimensional Polyacrylamide Gel Electrophoresis (2D-Gel) Based Method 

Depending on the level of content in proteins, especially high-abundance proteins like albumin, the 
analysis of low abundance proteins is more difficult than it is in CSF. On the other hand, the enormous 
amounts of lipids and salts in blood plasma are also obstacles when using proteomic methods. Therefore, 
the pre-analytical handling of samples needs special attention. 

The classic proteomics platform, a 2D-gel, is an effective approach for quantification and separation 
of complex protein mixtures. With a 2D-gel, it is possible to simultaneously detect and quantify up to a 
few thousand proteins using the same gel. The final result will consist of a protein map in which 
different proteins are separated into spots; protein spots are then subjected to analysis using MS [85]. 
Under the condition of using narrow range pH gels, 2D-gel can resolve more than 5000 proteins [86]. 
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Figure 2. Overview of main quantitative proteomics methods [19]. 2D gels: 
Two-dimensional gel electrophoresis; MS: mass spectrometry; SILAC: Stable Isotope 
Labeling by Amino Acids in Cell Culture; ICAT: Isotope-Coded Affinity Tags; iTRAQ 
isobaric Tag for Relative and Absolute Quantitation; TMT: Tandem Mass Tags 
SRM/MRM: selected/multiple reaction monitoring; QconCAT: concatenated peptides 
AQUA: Absolute Quantitation; PSAQ: Protein Standard Absolute Quantification; SWATH 
Sequential Isolation Windows. 
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Using 2D-gel and liquid chromatography tandem mass spectrometry (LC-MS/MS), Liao [87] 
identified six potential plasma biomarkers, some of these molecules are known to play important roles 
in CNS microglia activation, such as a- 1 -antitrypsin (AAT). However, this procedure presents some 
shortcomings. Proteins present at low abundance in blood cannot be detected because they are 
concealed under highly abundant molecules [88]. The same approach was also applied by Hye [89]; 
they identified a large number of potential AD markers and also a histone, mainly from the 
complement and immunoglobulin system. Zhang [90] employed multi-dimensional LC in combination 
with ID- and 2D-gels to detect serum-based biomarkers in AD. Using matrix-assisted laser 
desorption/ionization-quadrupole-time of flight (MALDI-QTOF) and Ion-Trap-MS, they identified 
several proteins increased in AD, including inflammatory response mediators, complement factor H, 
complement components C3 and C4, and a-2-macroglobulin. 

Thambisetty [91-93] performed an experiment, which first identified seven plasma proteins, then 
validated five of them, complement components C3 and C3a, complement factor-I, fibrinogen gamma 
chain, and a- 1 microglobulin. Henkel [94] removed 12 high-abundance proteins via anion exchange 
and reversed phase-LC (RPLC). The resulting LC fractions were analyzed on a 2D-gel. They detected 
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20 significant differentially expressed proteins by MS analysis, some known to be involved in the 
pathophysiology of AD. 

3.1.2. MS-Based Method 

Another quantitative proteomics strategy is MS-based approaches. To some extent, 2D-gel 
quantification has largely been replaced by MS-based methods. In MS-based phase, proteins are not 
separated prior to digestion, and then peptides are fractionated via LC. There are two portions in 
MS-based proteomics: stable isotope labeling and label-free approaches [95-99]. Protein or peptide 
labeling using chemical isobaric tags, include Isotope-Coded Affinity Tags (ICAT), isobaric Tag for 
Relative and Absolute Quantitation (iTRAQ), Tandem Mass Tags (TMT); Enzymatic labeling includes 
H 2 O; Metabolic labeling, such as stable isotope labeling by amino acids in cell culture (SILAC). 

Jing [100] employed a micro LC-MS combined with ICAT labeling, they identified more than 
300 proteins in AD, 13 of which showed changes with advancing age. In another study, Fu [101] used 
ICAT to analyze mitochondrial fractions from knock-in mice. They found 46 proteins with altered 
expressions, 32 increased and 14 decreased. Choe [102] used an 8-plex version of an isobaric reagent 
mixed with CSF proteins from AD, the results showed a number of protein expression changes. 

Multiple reaction monitoring-mass spectrometry (MRM-MS) combined with isotope-labeled 
QconCAT peptides has been successfully applied to quantify proteins [103,104]. Chen [105] 
performed this technique on severe AD cases, and set up a quantitative method to assess expression 
levels of clusterin. Later, they also developed this protocol for quantification of total APP and 
APP695 [106]. 

3.2. Biomarkers Verification and Validation 

Once a list of prospective biomarkers has been identified in the identification section, a validation test 
should be followed with the goal of selecting one with extraordinary potential for clinical diagnosis 
from the biomarkers candidate menu. This portion needs to employ a clinical strategy and be tested on 
thousands of samples that directly reflect the clinical population. It will take years for MS-based 
methods to complete this experiment cycle, from the emergence advanced into targeted proteomics 
stage. Biomarker candidates are usually identified via the later strategy, but it was not able to 
accomplish the union with high measurement accuracy and precision [2,107]. Therefore, setting up a 
supplementary analytical system to validate potential markers is highly recommended. Immune-based 
assays are frequently considered ideal for validation and development for clinical diagnosis with their 
highly sensitive methods, including Western blotting, enzyme-linked immunosorbent assay (ELISA), 
and radioimmunoassay. They provide a greater performance of sensitivity compared with LC-MS, and 
are immediately accessible in research and development settings of the clinical laboratory [108-1 10]. 

ELISA is usually preferred to radioisotope use,, though a multiplicity of variables are still 
challenging, because ELISA can be seriously influenced by the avidity and dilution of capture and 
detection antibodies, incubation time, temperature and concentration, and enzyme and substrate types [2]. In 
a previous study, only 30% of the markers have been validated with commercially available antibodies 
with respect to both protein identification and quantification [111,112]. This is due to that first of all, 
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some antibodies are nonspecific, and second of all, there are arguments regarding protein confirmation 
results between Western blot and MS-based proteomics [113]. 

Numerous reports have demonstrated that MS-based methods can be robust and accurate. The 
reasoning is as follows: the absence of commercially available antibodies, present technical issues, high 
costs related to the development of high-quality antibodies [110], and many proteins show the state with 
PTM, e.g., glycosylation of ceruloplasmin, which means modified peptides are typically not taken 
into account [114]. 

Based on the reasons mentioned above, several MS-based technologies have been employed for 
validation phase [110] as an alternative. MRM-MS is typically employed for biomarker quantitation 
and validation. It is an MS/MS mode unique to triple quadrupole (QQQ) MS instruments. MRM can 
enhance the lower detection limit for peptides due to its ability to rapidly and continuously monitor 
exclusively for the specific ions of interest. Furthermore, MRM analysis combined with stable isotope 
also offers multiplexing capability and increases the reliability of quantification [115]. Pannee [116] 
reported on a matrix effect-resistant method for the measurement of the A[342, together with A[340 and 
A[338 in human CSF using MRM-MS. They detected A[342 at a lower limit of quantification of 
62.5 pg/mL and coefficients of variations below 10%. These outstanding benefits have expanded the 
potential applications of MRM quantitation beyond biomarker validation and into the phase of 
biomarker identification. 

4. Conclusions and Future Perspectives 

Currently, "-omics" research mainly focus on the identification, qualification, and application of 
diagnostic and prognostic biomarkers. The latest advances in "-omics" technologies have improved our 
understanding of the development and biology of AD. 

4.1. Peptidomics 

The far-reaching changes in proteomics have brought new technologists into the fields of protein 
biomarker discovery and clinical chemistry. As multidisciplinary fields grow, more analytical 
techniques are being used to study biological issues. "Peptidomics" is the study of bioactive peptides, 
endogenous peptides, and small proteins found in biological samples with the aim to understand all 
information of peptides and small proteins in a biological system [117,118]. In biological fluids, these 
peptides are active with biological function in normal and disease states; represent protein synthesis, 
processing, and degradation [119,120]. Some bioactive peptides that have been identified in CSF and 
plasma, such as VGF peptide (m/z 4807) were found to be obviously altered in CSF of AD [121-123]. 
Furthermore, some bioactive peptides from proteins that were digested aberrantly could be valuable not 
only for disease diagnosis, but also for explaining the mechanisms involved in the disease [110]. 

4.2. Modification-Specific Proteomics 

PTM of proteins, such as phosphorylation, ubiquitination and glycosylation, play key biological roles 
in function, activity, localization, and interaction. Aberrant modifications have now been recognized as 
an attribute of many neurodegenerative diseases [124]. Ando [125] suggested that Pinl protein is 
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strongly linked to the tau pathology, and such changes in Pinl posttranslational modification 
(phosphorylation, iV-acetylation, and oxidation) may also represent interesting biomarkers to AD. 

Due to relatively low level of PTM, an approach of detecting PTM uses MS-based needs 
enrichment method, such as immobilized metal ion affinity chromatography (IMAC), HO2 As with 
any technology, the one being utilized to find potential biomarkers of neurodegenerative disease, has 
its shortcomings and limitations [126,127]. It must be emphasized, however, that it is unlikely that there 
will be specific antibodies available commercially against proteins with novel PTM soon, so MS-based 
approaches will likely still be viewed as the golden technology in validating the candidate proteins with 
PTM for the next few years. 

4.3. Metabonomics 

Another "-omics" technology for biomarker projects is metabonomics. It is considered as one of the 
fastest developing workflows in biomarker research. The profile of small-molecular-weight substances 
present on a range of different sample types including cells, tissue and body fluids are known as the 
metabolites. Nuclear magnetic resonance (NMR) is a particularly powerful tool for metabolite 
structural test. An MS-based approach is a sensitive one to identify and quantify in complex biological 
systems. Both of these methods have become analytical standards in metabonomics studies [128,129]. 
Kiyoshi [130] used NMR-based metabolomics of transgenic AD mice model; they suggested that levels 
of three small molecules were significantly upregulated compared to control mice. HPLC-MS was 
performance on blood plasma from AD patients, with results that potential biomarkers were identified in 
lysophosphatidylcholine, sphingosine and tryptophan [131]. The number of studies in the metabolic 
area continues to expand [132,133], and it will hopefully lead us to new biomarkers. 

As AD is multifactorial, no single biomarker will be able to explain its progression and pathology. 
The success of -omics technologies has made it possible to collect high-density biological readouts 
related to physiological and pathological processes. Combining these, results offers a systems biology 
approach which can enhance our understanding of biochemical insight in the organism. Their use has 
thus forced a rapid change from lab-based study to clinic-style investigations. 

4.4. Conclusions 

Biomarkers have been examined can play a critical role in diagnostics and drug development. The 
research for AD biomarker has taken many directions, includes measuring in blood, CSF and urine. 
Previous studies to use proteomics to discovery better biomarkers have developed for decades, 
however, these attempts have met less success samples which was used to be a clinical biomarker for 
AD. The challenge to validate a clinical biomarker because of many factors: the complexity of the 
body fluids, low abundance protein biomarkers must be detected, there are many steps critical for 
biomarker from discovery to validate. Despite the challenges exist, there are some "-omics" areas 
leading us into the future study for AD biomarker, such as peptidomics, modification-specific 
proteomics and metabonomics. A combined all of these "-omics" approach reveals new insight to 
study biomarker. 
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